Wind tunnel experiments were conducted to measure the emission factor of particle reentrainment from a dust sample with or without a porous fence. The effect of wind velocity, fence porosity, and distance between the fence and the dust sample on the emission factor was studied. A 20% porous fence was found to be effective for reducing the particle reentrainment at a low wind velocity of 5 m / s. When the wind velocity was increase from 7 to 15 m / s, the results show that the particle reentrainment can also be reduced in a certain region behind the fence ͑x / H Ͻ 4, xϭdistance between fence and sample; Hϭfence height͒ for the 20% porous fence. A linear multivariable regression model was fitted to the logarithmically transformed experimental data. The good fit of the regression model makes it possible to estimate emission rate as a function of the dimensionless distance ͑x / H͒, the wind velocity, and the elapsed time.
Introduction
The transportation of wind-blown particles has important environmental and health implications including transmission of disease, respiratory afflictions, and loss of soil nutrient. The Taiwan Environmental Protection Administration ͑Taiwan EPA͒ uses particulate matter less than 10 m ͑PM 10 ͒ as an indicator of air quality. In addition, the mass concentrations of total suspended particle ͑TSP͒ and PM 10 must meet the strict air quality standard promulgated by Taiwan EPA in April 1999. It is therefore of great importance to analyze the reduction of particles reentrainment from fugitive dust in order to develop effective methods for controlling the wind-blown particles.
The particle reentrainment of the road could come from the native soil or the redeposited dust from the entrainment particles. On soil surfaces, the particles will be emitted from the surface through abrasion by saltating grains. That is, when the wind velocity was slowly increased over the surface, the smaller or more exposed grains were entrained first by the air drag due to the influences of the surface creep or saltation. As the wind velocity rose, the larger grains were also moved by the air drag. Houser and Nickling ͑2001͒ used a series of wind tunnels on the claycrusted surface to examine the importance of saltation abrasion in the emission of PM 10 . The results showed that the abrasion efficiency ͑PM 10 emission rate/saltation transport rate͒ was related to the crust strength, the amount of surface disturbance, and the velocity of the saltating grains. However, the entrainment of PM 10 by aerodynamic forces was inherently difficult due to the strong cohesive forces associated with the deposited dust within the surfaces resulting from the soil enrichment, organic matter, or soluble salts ͑Gillette 1977; Nickling and Ecclestone 1981; McKenna-Neuman et al. 1996͒ . Previous studies also showed that a particle will roll and be reentrained from the surface when the rotational moment of the particle overcame the moment caused by the adhesive force between particles and surfaces ͑Kousaka et al. 1980͒. Matsusaka and Masuda ͑1996͒ concluded that most of the reentrained particles were formed into aggregates, which were reentrained more easily than the primary particle. Nicholson ͑1993͒ found that the resuspension rate, which was defined as the fraction of particle removed from the surface in unit time, was related to the particle size, particle shape, and wind velocity. When the wind velocity increased, the resuspension rate also increased. Matsusaka and Masuda ͑1996͒ found that the reentrainment flux increased with time elapsed in an accelerated flow, while it decreased in a steady state flow.
The application of a porous fence as an artificial barrier is one of the commonly used methods to reduce the speed of oncoming winds. A number of previous papers have investigated the shelter effect and the flow characteristics behind the porous fences ͑Raine 1977 ; Gandermer 1979; Perera 1981; Borges and Viegas 1988; Raju et al. 1988͒ . Raine ͑1977͒ measured the flow characteristics downstream of fences of different permeability cases. Gandermer ͑1979͒ had tested the flow pattern and shelter effects in the different fences. Perera ͑1981͒ studied the effect of porous and permeable hole shapes of porous wind breaks on the velocity defect, reattachment length, and Reynolds shear stress in the near wake. He found that a separation bubble that formed behind the fence disappeared when the porosity was greater than 30%, and the shelter effect occurred at small porosity conditions. Raju et al. ͑1988͒ presented an experimental study on the drag and turbulence intensity characteristics of a turbulent boundary layer flow past porous fences. Borges and Viegas ͑1988͒ investigated the shelter effect of porous windbreaks by measuring the velocity and shear stress distribution behind these structures.
Several previous studies have investigated the flow structure behind various porous fences to find a good wind fence for abating wind-blown dusts. Fang and Wang ͑1997͒ simulated the turbulent flow around a vertical porous fence using a weakly compressible flow computational method. Results showed that as the fence porosity increases, the vortex tends to be elongated and results in a reduction of the drag on the fence. The drag force decreased with an increase of the boundary layer thickness of the approaching flow. Yaragal et al. ͑1997͒ conducted wind tunnel experiments under highly turbulent and disturbed flow conditions over a porous plat with a long splitter plate in its plane of symmetry. Their results showed that the fluctuating pressures were significantly dependent on the porosity of the porous plat. Shiau ͑1998͒ measured the turbulence characteristics for a turbulent boundary layer flow past the porous windscreen. Results show that the maximum Reynolds stress reduction along the downstream distance from the windscreen decays faster than the maximum mean wind speed reduction. The turbulence intensity profiles exhibit self preservation in the wake region of the windscreen for cases of 15, 30, and 50% porosity. Lee and Kim ͑1999͒ investigated experimentally the flow characteristics of the turbulent wake behind the porous fences. Among the porous fences used in their study, the porous fence with porosity of 20% shows the maximum reduction of mean streamwise velocity, but it has the highest vertical mean velocity at about x / H = 1 location and large turbulence intensity in the near wake region. More recently, Lee et al. ͑2002͒ investigated experimentally the effect of porous wind fences on the wind erosion of sand particles from a two-dimensional triangular prism pile of sand. The results showed that sand particles begin to saltate and drift off from the sand pile surface when the wind speed approaches the threshold velocity. As the free stream velocity increases above the threshold velocity, the number of saltating particles rapidly increases. Sand particles with diameters ranging from about 150 to 330 m were investigated in their study. To our knowledge, however, only few attempts have been undertaken that use small particles to examine the shelter effect of porous fences for preventing the particle reentraiment from the dust sample.
In this study, a wind tunnel system was used to measure the emission factor of the reentrained particles with or without a porous fence in front of the test dust sample to examine the reduction performance of the porous fences. The effect of the wind velocity, porosity of porous fence, and distance between fences and dust samples on the emission factor was investigated. A linear multivariable regression was performed by fitting the experimental data using the least square estimate technique. Fig. 1 shows the wind tunnel system used in this study to simulate the reentrainment of particles from the dust sample surface behind the porous fence at different wind velocities. The wind tunnel system includes a front HEPA filter, a honeycomb, a working platform, a back HEPA filter, and an exhaust fan. The outside air passes through the front HEPA filters before entering the contracted section. The filtered air then enters the honeycomb with a diameter of 30 cm, a length of 20 cm, and a tube diameter of 0.6 cm to smooth the air flow. The air flow passes the test dust sample inside the working platform having a length of 60 cm and a diameter of 30 cm, as shown in Fig. 2 . A flat plate 0.3 cm thick constitutes the working platform. An aluminum cell with a cavity of 5 cm ͑length͒ ϫ 5 cm ͑width͒ ϫ 0.2 cm ͑depth͒ was used to contain the dust samples and was embedded in the flat plate. The front edge of the working platform was smoothed to prevent flow separation. A fence was installed downstream from the front edge of the working platform, also shown in Fig. 2 . A schematic of the fence used in this study is shown in Figs. 3͑a-c͒. The height, width, and thickness of the fence were 3.6, 20, and 0.7 cm, respectively. Circular holes in the porous fences were uniformly punctured and they had the geometric porosity ͑open area percentage͒ of =0% ͑solid fence͒, 20 and 40%, respectively. In the wind tunnel system, another HEPA filter is installed downstream of the working platform to prevent the suspended particles from entering the exhaust fan. The exhaust fan has a frequency inverter to control the rotational speed of the motor. The inverter can regulate the air linear acceleration rate to a prescribed maximum wind velocity. The linear acceleration rate was fixed at 1.5 m / s 2 to speed up the air velocity from the calm wind to the maximum wind velocity in this test. During the test, air temperature was from 23 to 27°C, and the relative humidity was between 55 and 70%.
Methods
Test dust samples were collected using a vacuum cleaner from an unpaved road at Nan Laio area in Hsin-Chu, Taiwan. The collected dust samples were sealed and transported to the laboratory. An oven was used to dry the dust samples at 105°C for 24 h. The dried dust samples were sieved using a standard Number 325 mesh to remove particles greater than 44 m. The ͑MOUDI͒ microorifice uniform deposit impactor, Model 100, MSP, Minneapolis, Minn. was used to determine the initial and the reentrained size distribution of the dust samples, which were dispersed by the dust feeder ͑Wright Dust Feeder, WDF-II, BGI, Waltham, Mass.͒. Table 1 shows the particle distribution and the ratio of the initial and reentrained dust samples. This table tells us that the particles greater than 10 m in aerodynamic diameter constituted the major fraction of the dust samples and were found to be 91.6 and 92.6% of the total mass for the initial dust sample and the reentrained particles, respectively.
After the dust sample was put into the aluminum cell, the surface was flattened with a sharp knife edge. The aluminum cell containing the test sample was dried for 10 min and cooled for 5 min before being weighed. The test sample was reentrained on the working platform in the wind tunnel system at different wind velocities. Reentrainment occurs in the first 20 s. After the reentrainment test, the test sample was dried, cooled, and weighed again. The emission factor, E ͑kg/ m 2 s͒ and emission rate, ⌳ ͑L/s͒ can be calculated as
where W 1 ͑kg͒ and W 2 ͑kg͒ϭmass of the test sample before and after reentrainment test, respectively; A ͑m 2 ͒ϭsurface area of the test sample; and T ͑s͒ϭsampling time.
Results and Discussion
The emission factors of dust samples downstream from the solid and porous fence for various wind speeds were measured at different distances between fences and dust samples. Fig. 4 shows the emission factor of the test sample without and with solid fences for the different wind velocities at the air acceleration rate of 1.5 m / s 2 . The figure shows that the emission factor increases as the wind velocity is increased. When the distance behind the fence, x / H, is less than 4, the emission factor increases as the distance is increased and reaches a constant about 6.2, 25.1, 44.4, 79.8, and 224.8ϫ 10 −5 kg/ m 2 s for the wind velocities of 5, 7, 9, 11, and 15 m / s, respectively. Compared to the case of the solid fence, the emission factor of the test sample without the fence ͑broken line͒ was found to be 3.0, 5.0, 10.4, 16.6, and 51.0 ϫ 10 −5 kg/ m 2 s for the wind velocities of 5, 7, 9, 11, and 15 m / s, respectively. It is seen that the emission factors of the test sample with the solid fence were much greater than those without the Fig. 4 . Influence of distance between fence and dust sample on emission factor without and with solid fence at different wind velocities fence excluding the x / H = 0.5 location for the wind velocities of 5 and 7 m / s. This indicates that the solid fence is ineffective at reducing particle reentrainment for the different wind velocities and the different distances behind the fence. This is due to the existence of the recirculating region just behind the solid fence which increases the possibility of the dust reentrainment. On the contrary, for the = 20% porous fence, as shown in Fig.  5 , the emission factor of the test sample with the fence were smaller than those without the fence at low velocity ͑v =5 m/s͒, indicating it is useful to reduce particle reentrainment from the test sample. As the wind velocity increases up to 7, 11, and 15 m / s, this figure also shows that the porous fence is effective at reducing particle reentrainment in the region behind the porous fence ͑x / H Ͻ 4͒. This may be attributed to the reduction of the wind velocity penetrating the porous fence. As the flow proceeds in the downstream direction, beyond x / H = 4, the emission factor of the test sample was increased and the porous fence could not reduce the particle reentrainment. Similar trends can also be seen in the case of the = 40% porous fence. Fig. 6 shows that the emission factors of the test sample with the porous fence were greater than those without the fence for wind velocities of 7, 11, and 15 m / s. This indicates that the porous fence is not effective at reducing particle reentrainment for these wind velocities, while it has a modest reduction performance on particle reentrainment at wind velocities of 5 m / s.
To assist in the interpretation of the obtained results, a linear multivariable regression was performed for the = 20% porous fence. Three parameters were used: the dimensionless distance behind the fence x / H; the wind velocity U 0 ͑m/s͒; and time since the windflow began t ͑s͒. The emission rate ⌳ ͑L/s͒ was assumed to vary either in power law relationships or exponential relationships with the parameters and it can be expressed as
The regression analysis was conducted by fitting the equation to the experimental data of the = 20% porous fence at the various wind velocities and the distances between fences and dust samples using the least square estimate technique. The results from the linear multivariable regression are given by the following equation:
͑4͒
In Fig. 7 we show that the emission rates obtained from the theoretical equation plotted against those measured by the experiment in the wind tunnel. The emission rates determined by the theory and by the experiment were highly correlated with R 2 of 0.986. The mean ratios of theoretical and experimental emission rate are close to 1, indicating the values are in agreement. Thus, the linear regression produced a good fit to the logarithmically transformed experimental data. It is possible to produce a mean- ingful method to estimate the emission rate of the test dust sample behind the porous fence as a function of the dimensionless distance, the wind velocity, and elapsed time.
Conclusions
In this study, effects of wind velocity, fence porosity, and distance between the fence and the dust sample on the emission factor were investigated with or without the porous fence in the wind tunnel system. The results show that the emission factor with the solid fence is much greater than that without the solid fence at the same wind velocity, indicating the solid fence is ineffective at reducing particle reentrainment for the different wind velocities. However, for the = 20% porous fence, the emission factors of the test sample with the porous fence were smaller than those without the porous fence at the low velocity of 5 m / s, indicating it is useful to reduce particle reentrainment from the test sample. As the wind velocity increases up to 7, 11, and 15 m / s, the = 20% porous fence is still effective at reducing particle reentrainment in the region behind the porous fence ͑x / H Ͻ 4͒. A linear multivariable regression model was proposed by a good fit to the logarithmically transformed experimental data. The approach presented in this paper will be useful for reducing the particle reentrainment and estimating the emission rate of the dust samples.
